ABSTRACT: A survey for the amphibian pathogens ranavirus and Batrachochytrium dendrobatidis (Bd) was conducted in Denmark during August and September 2008. The public was encouraged via the media to register unusual mortalities in a web-based survey. All members of the public that registered cases were interviewed by phone and 10 cases were examined on suspicion of diseaseinduced mortality. All samples were negative for Bd. Ranavirus was isolated from 2 samples of recently dead frogs collected during a mass mortality event in an artificial pond near Slagelse, Denmark. The identity of the virus was confirmed by immunofluorescent antibody test. Sequencing of the major capsid protein gene showed the isolate had more than 97.3% nucleotide homology to 6 other ranaviruses.
INTRODUCTION
The recent listing of Batrachochytrium dendrobatidis (Bd) and ranavirus infection in amphibians by the World Organisation for Animal Health (OIE) reflects a global concern for the health of farmed and declines of wild populations of amphibians (OIE 2008) . Reports on ranavirus disease in amphibians are listed in the literature (Speare & Smith 1992 , Kanchanakhan et al. 2002 Zupanovic et al. 1998 , Zhang et al. 2001 , Green et al. 2002 , Weng et al. 2002 , Greer et al. 2005 , Fox et al. 2006 ) and several publications indicate that ranaviruses are part of the cause of amphibian declines across the world (Cunningham et al. 1996 , Chinchar 2002 , Green et al. 2002 , Docherty et al. 2003 , Pearman et al. 2004 , Greer et al. 2005 .
The type species of the ranavirus genus, frog virus 3 (FV3), was isolated for the first time in 1965 (Granoff et al. 1965 , Rafferty 1965 . In Europe, ranaviruses were isolated from moribund edible frogs Pelophylax kl. esculentus (formerly Rana kl. esculenta) in Croatia (Fijan et al. 1991) and Italy (G. Bovo pers. comm.) and from wild populations of the common frog Rana temporaria in the UK (Drury et al. 1995) . The origin of these viruses is unknown, as is the influence of ranaviral disease on the wild populations of amphibians in Europe. As part of the project Risk Assessment of New and Emerging Systemic Iridoviral Diseases for European Fish and Aquatic Ecosystems (RANA), a survey was conducted in several European countries to gain knowledge of the current presence of ranaviruses in wild amphibian populations. In Denmark, the public was engaged in the survey to broaden the chances of identifying and registering unusual amphibian mortalities in the wild populations. The results of the Danish survey are reported here.
MATERIALS AND METHODS
Survey of amphibian mortality. The purpose of the survey was to identify amphibians that had died due to an infectious disease and the questionnaire was therefore designed to filter out other causes. The questionnaire covered the contact details of the reporting person, the location and date of the observed amphibian(s), the perceived cause of death, type of amphibian, number of dead and/or affected animals and details of previous similar incidences. The questionnaire could be accessed via the RANA project's website and was active during August and September 2008. A statement was released to the media in early August 2008 to draw public attention to the survey. If a case of mortality was registered as potentially induced by infectious disease, the responder to the survey was instructed to freeze the dead amphibian until contacted by a scientist. The scientist conducted a secondary screening via a telephone interview to determine which cases should be submitted to the National Veterinary Institute of Denmark for further investigation under permit no. SNS-441-00104. Follow-up investigation on the positive cases was carried out as collaboration between the National Veterinary Institute, the Council of Slagelse and the Danish Forest and Nature Agency. Extensive testing for environmental pollutants in the water was carried out (Højvang Environmental Laboratory, 4293 Dianalund, Denmark) and weather patterns were consulted for the period of the outbreak in the archives of the Danish Meteorological Institute (www.dmi.dk).
Laboratory examination. Thawed amphibian specimens were examined for gross lesions. Prior to dissection, diagnostic skin swabs for Bd were taken using fine tip dry-swabs (MW100, Medical Wire and Equipment) according to the standard protocol by Hyatt et al. (2007) . Spleen, liver, lung, kidney and heart tissues were pooled for each animal and examined according to standard virological techniques for fish tissues (Anonymous 2001) in epithelioma papulosum cyprini (EPC) cells (Fijan et al. 1983 ) at 21°C. Titrations were carried out as 6 well replicates in 96 well plates with 10-fold dilutions of the viral inoculum on EPC cells at 21°C. The progress of cytopathic effect (CPE) was observed by light microscope and recorded at regular intervals with the final reading 7 d after inoculation. The titre was calculated as TCID 50 ml -1 according to the Reed & Muench (1938) method for end-point titrations.
PCR for Bd. The diagnostic swabs were stored at -20°C until processed. DNA was extracted and analysed via realtime PCR following Boyle et al. (2004) with minor modifications. The tip of each swap was cut off into a screw top Eppendorf tube with 60 µl of PrepMan Ultra (Applied Biosystems) and 30 to 40 mg of zirconium/silica beads (0.5 mm diameter, Biospec Products) added. The samples were homogenised for 45 s and subsequently centrifuged (30 s at 13 000 × g in a microfuge) to pellet the material. Homogenisation and centrifugation was repeated. The homogenised sample was placed in a heating block at 100°C for 10 min, cooled for 2 min and then centrifuged at 13 000 × g for 3 min in a microfuge. The supernatant was recovered and a subsample of this DNA extract diluted 10 -1 in water for further analysis.
DNA samples were analysed by real-time PCR using primers ITS-1 Chytr and 5.8S Chytr with a minor groove binder probe ChytrMGB2 (GenBank accession no. AY598034). The specificity of the assay has been confirmed against 26 other Chytridiomycetes (Boyle et al. 2004 ). All samples and amplification standards of 0.1, 1, 10 and 100 genome equivalents were run in duplicate together with a positive extraction, a negative extraction and a no template control (distilled water). Twenty µl of TaqMan mastermix/primers/ probe/distilled water and 5 µl of sample, standard or control was pipetted into each well. The plate was then centrifuged at 2750 × g for 3 min and samples were screened using default amplification settings on an ABI prism 7700. Samples were identified as positive for Bd if a clear log-linear amplification was observed for both replicates and genomic equivalents quantified according to the standards.
Immunofluorescent antibody test. Supernatant from samples inducing CPE in the cell cultures were inoculated onto EPC cells in 96 well plates and incubated for 24 h at 24°C, using negative cell culture supernatant as negative control and epizootic hematopoietic necrosis virus (EHNV; kindly supplied by R. Whittington, University of Sydney, Australia) as positive control. They were then rinsed and fixed in 80% acetone prior to staining for immunofluorescence as described by Jør-gensen et al. (1989) . Briefly, primary antibodies (polyclonal rabbit sera) produced against European catfish virus (ECV) (Bovo et al. 1993 ; kindly provided by G.
Bovo, Instituto Zooprofilattico Sperimentale delle Venezie, Italy) was diluted 1:800 in phosphate buffered saline (PBS) without Ca 2+ and Mg 2+ and used as the primary antibody. This antibody cross-reacts with other ranavirus isolates and is specific to ranaviruses (G. Bovo pers. comm.). The plates were then incubated for 30 min at 37°C. Rhodamineconjugated swine-anti-rabbit IgG (F0205, Dako) was applied as secondary antisera in a dilution of 1:100 in PBS for 30 min at 37°C. The samples were examined for immunofluorescent staining by fluorescence microscope.
PCR, DNA sequencing and DNA sequence analysis for ranavirus. Table 1 ). The PCR products were sequenced using a Big Dye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) and an ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems). The sequence data was analyzed with Sequencing Analysis Software 5.1 (Applied Biosystems) and multiple sequence alignments were done with CLUSTAL_X 1.81 (Thompson et al. 1997) . The values for sequence pair percent identity were calculated by the MegAlign program from the Lasergene 7.1 application package (DNASTAR).
RESULTS
The press release created a good deal of interest with the media in Denmark: 11 websites (4 news sites, 6 environmental associations), 2 newspapers and 2 radio stations published the story. The web survey returned 25 cases which were potentially induced by infectious disease. After telephone interviews, 13 cases were submitted, out of which 10 were of a suitable condition for testing (7 Bufo bufo, 2 Rana temporaria and 1 Pelophylax esculentus). Most of these were single frog incidences, but in 2 cases mass mortality was reported: B. bufo near Ebeltoft and P. esculentus from a pond near Slagelse, Denmark. The B. bufo mass mortality appeared to be caused by extreme arid conditions. Two individual samples (case nos. 2008-50-282-1 and -2) from the P. esculentus mass mortality near Slagelse tested positive for ranavirus. The landowner reported approximately 1200 dead frogs over the course of the weekend of 3-4 August 2008. For 2 wk prior to this he had occasionally noticed dead frogs in the area, but the bulk of the population in the pond perished over those few days and hardly any were left after the main dieoff. The frogs were found dead in resting position along the edge of a shallow (1 m deep) artificial pond. No clinical signs were observed. The pond was dug out 9 yr previously and situated in the middle of a grazing field with very little vegetation along the edge, no agricultural activity nearby and no water flowing through it. The invertebrate fauna (including introduced Astacus astacus) and the fish in the lake (Cyprinus carpio) appeared healthy and were not investigated. The air temperatures leading up to and during the period of the outbreak were unusually high and the weather was described as a heat wave for Danish climate conditions: the maximum air temperature for that week was registered as 30.7°C for the area (www.dmi.dk).
All samples in the 10 cases were negative for Bd. Samples from 2 wild Pelophylax esculentus from the same location near Slagelse (case nos. 2008-50-283-1 and -2) produced CPE in cell culture. The titers of virus in the organs were 7 × 10 4 and 2.3 × 10 7 TCID 50 ml -1 for the 2 samples, respectively. Cultures infected with these isolates stained positive for ranavirus using the immunofluorescent antibody technique. Pelophylax esculentus viral isolates (PEV-DK1 and PEV-DK2) were 100% identical and showed more than 97.3% nucleotide similarity when compared to the previously published MCP gene sequences of other ranaviruses: frog virus 3 (FV3), AY548484; Bohle iridovirus (BIV), AY187046; epizootic hematopoietic necrosis virus Table 2 ). The amino acid sequence alignment of PEV-DK1 and PEV-DK2 MCP genes with other ranaviruses is presented in Fig. 1 . The MCP gene sequence of PEV-DK1 was submitted to GenBank with accession no. FJ515796. Laboratory tests (Højvang Environmental Laboratory) for environmental pollutants in the water (pesticides, solvents, phenols and components of oil and sulphur) were all negative.
DISCUSSION
Amphibians are cryptic by nature and individuals dying of natural causes are rarely noticed before they are scavenged or decompose. Creating and utilising public awareness in surveys can increase the chances of detecting disease-induced mortality in cryptic taxa like amphibians. Our survey led to the discovery of one of the most severe ranavirus-associated mass die-offs observed in a free-living amphibian population. Only one case of those reported in the survey was positive for ranavirus and none for Bd. With all the public attention and only one case of ranavirus detected, it is likely that outbreaks caused by ranavirus or chytrid fungus of this proportion were unusual in Denmark during this period.
Frog farming is a rarity in northern Europe, and ranavirus infection in amphibians would therefore not have any commercial impact. However, the effect of ranavirus on wild populations of amphibians is potentially devastating. All amphibians are protected under statutory order in Denmark due to the general threat of extinction (Anonymous 2007) . If the virus spreads in wild populations of amphibians it may have severe consequences on the infected populations of amphibians, other susceptible species and their predators.
Denmark is on the northern border of the range of Pelophylax esculentus, and populations are fragmented and have decreased over the last decades (Fog et al. 1997) . These circumstances make this species particularly vulnerable to disease.
Interviews with the landowner at the site near Slagelse where the Pelophylax esculentus mortality was detected did not cast light on a possible pathway of introduction of this virus into the pond. However, ranaviruses are causing disease outbreaks in frogs on all continents except for Africa and Antarctica (Williams et al. 2005) ; therefore, the presence of ranavirus in the environment is not an unusual observation (Green et al. 2002) . Further epidemiological studies may cast light on the origin of this isolate.
A very high density of frogs was observed in and near the aforementioned pond over the summer. In the weeks prior to the outbreak the weather was unusually warm and the temperature of the water in the pond would have reflected this. There was no shade around or near the pond for the frogs to shelter. These exceptional environmental conditions could affect the immunological response of the frogs and induce conditions for rapid spread and high pathogenicity of the virus (Jancovich et al. 1997 , Carey et al. 1999 , Brunner et al. 2005 . Water analysis did not reveal any known pollutants and both frogs submitted from the site were negative for Bd and positive for ranavirus with high titres in the organs. Based on previous reports concerning the epidemiology of ranavirus disease in amphibians (Jancovich et al. 1997 , Green et al. 2002 , Pearman et al. 2004 , Rojas et al. 2005 , it is highly likely that the infection caused or contributed to the deaths of the frogs in this population. Challenge studies of frogs with this isolate would further clarify its role in the epizootic, especially by enabling pathological investigation of fresh specimens.
Repetitive isolations of ranavirus from moribund edible frogs (11 positive out of 16 samples over an 11 yr period) collected from the wild and kept for commer- cial purposes in Croatia spurred investigations into the virulence of the isolates to healthy edible frogs (Fijan et al. 1991) . Experimental challenge via various routes did not produce disease in the frogs over 30 d, although low titres of virus were present in frogs from all treatments apart from the negative control. This questions the role of ranavirus as a primary pathogen in edible frogs. It may be an opportunistic pathogen which coexists at low levels within the host except when the host is weakened and the environmental conditions are conducive to viral replication. Under such conditions the virus may turn pathogenic and cause disease in the host as reported here. The MCP gene is commonly used in defining taxonomy in the virus family Iridoviridae (Chinchar 2002) and in differentiating ranavirus isolates (Mao et al. 1999 , Hyatt et al. 2000 , Marsh et al. 2002 , Do et al. 2005 . The MCP sequences of PEV-DK1 and PEV-DK2 were identical to each other. Our sequence comparison included 3 ranaviruses isolated in amphibian disease outbreaks: BIV (Speare & Smith 1992) , ATV (Jancovich et al. 1997) , TFV (Kanchanakhan et al. 2002) and EHNV from disease outbreaks in perch in Australia (Langdon et al. 1986 ). Based on sequence comparison of the complete MCP gene, BIV, ATV, TFV, EHNV, REV 282/I02 and FV3 were very closely related (97.3 to 99.6% nucleotide identity) to the Danish frog virus isolates ( Table 2 ). The comparison of the MCP sequences indicates that PEV-DK belongs to the genus Ranavirus. These results are in accordance with species demarcation criteria in the genus Ranavirus (Chinchar et al. 2005) . The closest relative to Danish frog isolates was PEV 282/I02, which was also isolated from an edible frog, with nucleotide identity of 99.6% and amino acid identity of 100% (results not shown). Surprisingly, in the present study, the second closest relative to the Danish frog isolates was EHNV isolated from fish on another continent, with nucleotide identity of 98.8%. At the protein level there were 5 amino acid changes between EHNV and PEV-DK (Fig. 1) .
Despite the severity of amphibian declines due to infectious diseases, it is difficult to envisage how control and containment of ranavirus in wild frogs can be achieved (Mendelson et al. 2006 , Gascon et al. 2007 ). The nature of wild animals makes it very difficult to ensure non-destructive containment of animals in an infected area. When frogs migrate from a pond in the autumn they may be in contact with other frog populations and contaminate them. Viruses could also spread by vectors such as birds, fish or downstream via the water.
The risk of ranavirus outbreaks is not limited to amphibians. Evidence for transmission of ranavirus between frogs and fish has been recorded (Moody & Owens 1994 , Ariel & Owens 1997 , Mao et al. 1999 ) and one host species may act as reservoir for the other (Mao et al. 1999 , Duffus et al. 2008 . EHNV, ECV and European sheatfish virus (ESV) are listed by the OIE for fish and they are closely related to this new strain. All the listed viruses were involved in natural outbreaks in wild populations of perch, catfish and sheatfish (Langdon et al. 1986 , Ahne et al. 1989 , Bovo et al. 1993 , Bigarré et al. 2008 ) and several other species of fish and frogs are experimentally susceptible to ranavirus infection (Langdon 1989 , Moody & Owens 1994 , Ariel & Owens 1997 , Cullen & Owens 2002 , Bang Jensen et al. 2009 symptoms, where the virus apparently is not causing the host any distress (Jensen et al. 1979 , Tapiovaara et al. 1998 , Harp & Petranka 2006 , Duffus et al. 2008 . This is the first survey for viruses in Danish frogs and the first record of ranavirus in Danish amphibians. Although ranavirus could occur naturally as part of the ecosystem, the finding of high titres of ranavirus associated with mass mortalities in frogs demonstrates the possible consequences of infection given the right environmental circumstances. 
